Objective-HMG-CoA reductase inhibitors have been shown to upregulate GTP cyclohydrolase I (GTPCH-I), the key enzyme for tetrahydrobiopterin de novo synthesis and to normalize tetrahydrobiopterin levels in hyperglycemic endothelial cells. We sought to determine whether in vivo treatment with the HMG-CoA reductase inhibitor atorvastatin is able to upregulate the GTPCH-I, to recouple eNOS and to normalize endothelial dysfunction in an experimental model of diabetes mellitus.
Introduction
Diabetes mellitus is a major risk factor for the development of cardiovascular disease. Endothelial dysfunction is encountered early during the development of vascular damage [1] .
Animal and human studies have demonstrated that increased oxidative stress largely accounts for this phenomenon since vitamin C was able to correct endothelial dysfunction in patients with diabetes mellitus type 1 and 2 [2, 3] . As predominant sources of superoxide, the vascular NADPH oxidase [4] [5] [6] , an uncoupled endothelial nitric oxide synthase (eNOS) [5, 7, 8] , xanthine oxidase [9] and mitochondria [10] have been identified. The uncoupled eNOS has gained growing attention, since a dysfunctional eNOS not only leads to a decreased NO bioactivity in the vasculature, thereby shifting the superoxide (O 2
•-)/nitric oxide (NO) equilibrium towards O 2
•-, but can also be a source of O 2 •-itself by transferring electrons to molecular oxygen in the uncoupled state [11] . The uncoupling reaction of eNOS is triggered largely by a peroxynitrite (ONOO -)-mediated oxidation of the eNOS co-factor tetrahydrobiopterin (BH 4 ) leading to the formation of the BH 3 -radical and subsequently to dihydrobiopterin (BH 2 ) [8] . Intracellular depletion of BH 4 is counteracted mainly by the activity of the BH 4 -synthesizing enzyme GTP cyclohydrolase I (GTPCH-I) and the BH 2 -reducing enzyme dihydrofolate reductase (DHFR).
3-Hydroxy-3-methylglutaryl(HMG)-coenzyme(CoA) reductase inhibitors (statins) were initially designed to lower LDL-cholesterol levels. Today, they are established in the treatment of coronary artery disease even in patients even with normal LDL levels due to their beneficial pleiotropic effects. Many of these effects can be explained by the inhibition of isoprenylation of proteins, which consequently lack their lipid anchor. For example, statin-induced inhibition of protein-isoprenylation (e.g., of RhoGTPases) can prevent the assembly of the membrane bound NADPH oxidase [12] , decrease the amount of membrane bound endothelin-1 receptor [13] and increase eNOS activity [14] and eNOS-mRNA stability [15] . Interestingly, statin therapy as well as diabetes mellitus may lead to increase in eNOS protein expression [16] [17] [18] , which may be beneficial only when the enzyme is in its coupled state. Recently, two groups have demonstrated that HMG-CoA reductase inhibition increases the expression of the GTPCH-I and subsequently cellular BH 4 levels in cultured endothelial cells and that inhibitory effects of high glucose on the GTPCH-I expression as well as the BH 4 lowering effects were reversed by the HMG-CoA reductase inhibitor atorvastatin [19] [20] [21] .
It remains to be established, however, whether GTPCH-I is downregulated in an in vivo model of diabetes mellitus, whether in vivo treatment with statins is able to recouple eNOS, whether this is due to upregulation of GTPCH-I and whether statin treatment is thereby able to prevent harmful events downstream of eNOS uncoupling mediated by decreased NO and increased O 2
•-and ONOO -formation, like reduction of circulating endothelial progenitor cells, inactivation of the prostacyclin synthase (PGI 2 S) by tyrosine nitration (PGI 2 S-3NT), the phenomenon of nitrate resistance and endothelial dysfunction.
Methods

Chemicals and reagents
Streptozotocin was from Fluka (Seelze, Germany), atorvastatin from Pfizer (New York, USA), nitroglycerin (glycerol trinitrate, GTN) was from Pohl-Boskamp (Hohenlockstedt, Germany). All other chemicals where of highest analytical grade and of highest purity available (SigmaAldrich, Seelze, Germany).
Animal model
Eighty-four male Wistar rats (6 weeks old, 250 g; Charles River Laboratories, Sulzfeld, Germany) were divided into four treatment groups: untreated controls (Ctr) versus atorvastatin (Ator) treatment (20 mg/day/kg bodyweight,) versus streptozotocin-induced diabetes mellitus type 1 (STZ) versus STZ/Ator. Animals were housed in a 12-h light-dark cycle and allowed free access to standard chow and water. Atorvastatin was mixed into the chow pellets by the company providing the animal diet (ssniff, Soest, Germany).
For induction of diabetes mellitus type 1, rats were anesthetized with ketamine/xylocain and injected with a single dose of STZ into the vena dorsalis penis (60 mg/kg bodyweight in 5 mM pH 4.5 citrate buffer). Animals from the other study arms were injected with the solvent. Animals were allowed to recover for 4 days before initiation of the feeding regimen; diabetes mellitus type 1 was verified by measuring levels of blood glucose using an Accu-check Sensor analyzer (Roche, Mannheim, Germany). Of the STZ-treated rats, only animals exceeding 300 mg/dl of blood glucose were considered hyperglycemic and included in the study.
After 7 weeks of treatment, rats were anesthetized by isoflurane inhalation (5% inhalant in room air) and killed by exsanguination. Blood was collected by right ventricular puncture. Aorta and heart were rapidly excised, transferred to 4 °C Krebs-HEPES solution (pH 7.35, containing 99.01 mM NaCl, 4.69 mM KCl, 2.50 mMCaCl 2 , 1.20 mM MgSO 4 , 25.0 mM NaHCO 3 , 1.03 mM K 2 HPO 4 , 20.0 mM Na-HEPES, 11.1 mM D-glucose) and cleaned of adhesive tissue. Aortas were carefully rinsed prior to further handling.
Serum parameters
Seven millilitres of venous blood were transferred into serum syringes, left on ice for 30 min and centrifuged for 10 min at 2000 × g. The supernatant (serum) was stored at −80 °C. Insulin levels were measured using a rat insulin ELISA (DRG Instruments GmbH, Marburg, Germany) following the manufacturer's instructions. Cholesterol and triglyceride levels were analyzed in the Department for Clinical Chemistry, University Hospital Mainz, Germany, employing the facilities in use for daily routine in patient care.
Determination of endothelial progenitor cell (EPC) numbers and cellular characterization
Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll density centrifugation [22] . PBMCs were cultured on fibronectin-precoated 6-wells in EBM-2 culture medium, characterized and counted by appropriate flow cytometric analyses as previously described [23] . Briefly, PBMCs (2 × 10 5 ) were cultured in EBM-2 culture medium supplemented with EBM SingleQuots (Clonetics, Germany) and 20% FCS for 3 days. To exclude contamination with mature circulating endothelial cells, we carefully removed non-adherent cells 8 h after initial seeding and placed them on new fibronectin-precoated chamber slides. After dilution of 1,1′-dioctadecyl-3,3,3′,3-tetramethyl-indocarbocyanine perchlorate-labeled acetylated LDL (dil-acLDL; Molecular Probes, Eugene, USA) and fluorescein isothiocyanate (FITC)-conjugated lectin from Ulex europeus (UEA-1; Sigma, Germany) in serum-free EBM2 media, cells were washed twice and incubated for 4 h at 37 °C in EBM2 medium containing 10 μg/ ml dil-acLDL and 20 μg/ml UEA-1. After washing, cells were determined by appropriate flow cytometric analyses. It is clear to the authors that various types of EPC exist. Therefore, EPC investigated in the present study belong to monocytic-derived EPC [24, 25] .
Isometric tension studies
Isolated aortas were cut into 4-mm segments and mounted on force transducers (Kent, USA; Powerlab, USA) in organ chambers containing Krebs-Henseleit solution (37 °C pH 7.35, containing 118.3 mM NaCl, 4.69 mM KCl, 1.87 mM CaCl 2 , 1.2 mM MgSO 4 , 1.03 mM K 2 HPO 4 , 25 mM NaHCO 3 , 11.1 mM D-glucose) bubbled with carbogen gas (95% O 2 , 5% CO 2 ). To test for vasorelaxation in response to acetylcholine (ACh) and GTN, aortic segments were stretched gradually over 1 h to reach a resting tension of 3.0 g. Following preconstriction with phenylephrine (1 μM) to reach 50-80% of maximal tone induced by KCl, concentrationresponse curves to increasing concentrations of ACh and NTG were recorded [5] .
Vascular ROS formation in isolated aortic rings
Vascular O 2
•-formation was measured in 4-mm segments of isolated aorta using lucigenin (5 μmol/l)-enhanced chemiluminescence (ECL) as previously described [26] .
NADPH oxidase activity in heart membrane fractions
Membrane fractions were prepared and measured as previously described [27, 28] . NADPH oxidase activity (200 μM NADPH) of the membrane suspensions (0.2 mg/ml protein in PBS) was measured by lucigenin (5 μM) ECL. Chemiluminescence was detected in a Lumat LB 9507 (Berthold Techn., Bad Wildbad, Germany). Results were normalized for protein content and expressed as counts/mg/min after 5 min.
Oxidative fluorescent microtopography
Isolated aorta was cut into 3 mm rings and incubated in Krebs-HEPES solution for 15 min at 37 °C in the presence or absence of N G -nitro-L-arginine (L-NNA, 10 μM), embedded in aluminium cups of about 1 ml of a polymeric resin (Tissue Tek, USA) and frozen in liquid nitrogen. Cryosections (6 μm) were stained with the superoxide-sensitive dye dihydroethidium (DHE, 1 μM in PBS) and incubated for 30 min at 37 °C. Green and red fluorescence was detected using a Zeiss Axiovert 40 CFL Camera (Zeiss, Oberkochen, Germany). Sections of all four study arms were analyzed in parallel with identical imaging parameters.
Protein expression
Rat aortic tissue was homogenized in liquid nitrogen following an established protocol. Sample preparation and Western blotting was performed as described previously [29] . To determine translocation of rac1, p47 phox and p67 phox , protein homogenates of aortic tissue were divided by ultracentrifugation (1 h, 100,000 × g, 4 °C) to obtain cytosolic (supernatant) and membrane fractions (pellet, resuspended in buffer [29] containing 1% Triton X; re-centrifuged for 0.5 h, 100,000 × g, 4 °C to remove debris). For detection of membrane-bound NADPH oxidase subunits in hearts, snap-frozen samples of the membrane fractions obtained for detection of NADPH oxidase activity (see above) were used. Probes were subjected to SDS-PAGE and electroblotting on nitrocellulose membranes (BioRad, Hercules, USA). Immunoblotting was performed with antibodies against alpha actinine (rabbit polyclonal, dilution 1:5000; SigmaAldrich, Seelze, Germany), p47 phox (rabbit polyclonal, dilution 1:500), p67 phox (mouse monoclonal, dilution 1:500), eNOS (dilution 1:1000, all three: Transduction Laboratories, Lexington, USA), nox1 (goat polyclonal, dilution 1:100; Santa Cruz Biotechnologies, Santa Cruz, USA), nox2 (i.e., gp91 phox , mouse monoclonal, dilution 1:1000), rac1 (mouse monoclonal, dilution 1:1000, both BD Bioscience, San Jose, USA), VASP-Ser239-P (mouse monoclonal, dilution 1,5 μg/ml, Calbiochem, San Diego, USA), dihydrofolate reductase (DHFR, mouse monoclonal, dilution 1:250, RDI division of Fitzgerald, Concord, USA), GTPCH (mouse monoclonal, 1:1000, Abnova, Taipei, Taiwan). Alpha actinine served as loading control. We used secondary antibodies directed towards mouse, goat and rabbit IgG (anti-mouse, anti-goat and anti-rabbit-IgG peroxidase-labeled; Vector, Burlingame, USA). Immunodetections were accomplished with either SuperSignal Substrate (Pierce, Rockford, USA) or ECL Reagent (Amersham, Piscataway, USA). The bands were evaluated by densitometry.
To determine translocation of rac1, p47 phox and p67 phox , protein homogenates of aortic tissue were divided by ultracentrifugation (1 h, 100,000 × g, 4 °C) to obtain cytosolic (supernatant) and membrane fractions (pellet, resuspended in buffer [29] containing 1% Triton X; recentrifuged for 0.5 h, 100,000 × g, 4 °C to remove debris).
Assessment of the activity of the NO/sGC/cGMP pathway
Phosphorylation of the vasodilator-stimulated phosphoprotein (P-VASP) is a surrogate parameter for the activity of the cGMP-dependent kinase I and is suitable to measure NO bioactivity and the integrity of the NO/cGMP signalling pathway.
Prior to snap freezing the aortic segments selected for P-VASP analysis, rings were incubated for 15 min in Krebs-HEPES buffer either with or without acetylcholine (10 −6.5 M). Sample preparation and evaluation was conducted according to a published protocol [29] .
Protein tyrosine nitration of prostacycline synthase
Detection of PGI 2 S nitration was performed as previously described [30] . Briefly, solubilized proteins (3 mg) from the homogenized rat aortic tissue were precleared with protein A sepharose CL-4B. The resulting supernatant was incubated with monoclonal anti-PGI 2 S antibody (Oxford Biomedical Research, Oxford, MI, USA). Immune complexes were precipitated with 30 μl protein A sepharose CL-4B and washed with 0.5 ml SNNTE (0.5% sucrose, 1% NP-40, NaCl (0.5 mM), Tris (50 mM), EDTA, pH 7.4 (5 mM)). The pellet complex was subjected to Western blot probed with anti-PGI 2 S antibody and anti-nitrotyrosine antibody (Upstate Biotechnology/Milipore, Billerica, MA, USA).
Measurement of aortic levels of (6R)-5,6,7,8-tetrahydro-L-biopterin (BH 4 ) and 7,8-dihydrobiopterin (BH 2 )
Four centimetre of isolated and rinsed aorta was homogenized in ice-cold lysis buffer (0.1 mol/ l Tris-HCl, ph 7.8, containing 5 mmol/l ethylenediamine tetra acetic acid, 0.3 mol/l KCl, 5 mmol/l 1,4-dithioerythritol, 0.5 mM Pefabloc, and 0.01% saponin). Samples were oxidised under either acidic conditions (with 0.2 mol/l HCl containing 50 mmol/l I 2 ) or alkaline conditions (with 0.2 mol/l NaOH containing 50 mmol/l I 2 ). Biopterin content was assessed using high-performance liquid chromatography with fluorescence detection (350 nm excitation, 450 nm emission). BH 4 concentration was calculated as fmol/μg protein by subtracting the biopterin peak obtained after alkaline oxidation (accounting for BH 2 ) from the biopterin peak obtained after acidic oxidation (accounting for both BH 2 and BH 4 ).
Statistical analysis
Results are expressed as mean±S.E.M. One-way ANOVA (with Bonferroni′s or Dunn's correction for comparison of multiple means) was used for comparisons of serum parameters, weight gain, vascular responses (EC 50 and maximum relaxation), protein expression levels, chemiluminescence counts, biopterin levels and number of EPCs. In tension recordings, the EC 50 value for each experiment was obtained by log-transformation. One-way RM ANOVA using all pairwise multiple comparison procedures (HolmSidak method) was used for concentration-relaxation curves in Fig. 1 . Each experiment was carried out with 6 to 12 animals per study group. P < 0.05 was considered significant.
Results
Serum parameters and body weight
After 7 weeks of diabetes mellitus type 1, STZ-injected animals (STZ) had a significant decrease of plasma insulin levels and a strong increase of blood glucose levels compared to control. STZ-treated animals gained significantly less weight as compared to controls and had a significant increase in triglyceride levels. Atorvastatin had no significant effect on insulin and blood glucose levels, although the latter was slightly reduced in STZ/Ator as compared to STZ. Importantly, levels of low-density and high-density lipoprotein were not different at all in all treatment groups (for exact values and statistics, see Table 1 ).
Vascular function: isometric tension studies, phosphorylation of VASP and circulating endothelial progenitor cells
In STZ, a marked degree of desensitization to acetylcholine (ACh, endothelial dysfunction) and to nitroglycerin (NTG, nitrate resistance) was established (Fig. 1A , Table 2 ). Atorvastatin treatment corrected these abnormalities completely, while having no effect at all on the concentration relaxation curve to the endothelium-dependent vasodilator ACh and NTG in control animals. However, since ACh and NTG response are impaired in diabetic animals it is impossible to separate endothelial from smooth muscle dysfunction and accordingly, we will use the term vascular dysfunction in the discussion. It should be noted that impaired NTG potency in diabetic animals could be due to inhibition of mitochondrial aldehyde dehydrogenase (ALDH-2), the redox-sensitive nitrate reductase [31] . However, it was also shown that the potency of the direct NO donor diethylamine NONOate was impaired in diabetic animals compatible with smooth muscular dysfunction [32] .
We also determined levels of VASP phosphorylated at Ser 239 (P-VASP) (Fig. 1B) at baseline and following stimulation with ACh. Basal levels of P-VASP (%±S.E.M.) were not different between the four study groups. Following incubation with 0.5 μM ACh, P-VASP levels increased significantly in Ctr, Ator and STZ/Ator. No increase of P-VASP levels was observed in STZ animals.
We calculated the percentage of circulating EPCs (% of total PBMCs) as an additional marker for endothelial function and the regenerative capacity of the vasculature (see Table 1 ). In Ctr, EPCs were 0.63±0.16% and dropped in STZ-treated animals to 0.28±0.03% of total PBMCs. Atorvastatin treatment elevated significantly the amount of circulating EPCs in hyperglycemic animals (0.60±0.1%) and to an even greater extent in control animals (1.20±0.32%).
3.3.
Oxidative stress: vascular superoxide production, NADPH oxidase activity and expression/assembly, oxidative fluorescent microtopography and tyrosine nitration of prostacyclin synthase
To asses vascular oxidative stress, we measured O 2
•-production of isolated aortic rings in a single photon counter using lucigenin-enhanced chemiluminescence (see Table 1 ). Superoxide production in vessels from STZ-treated animals was higher compared to control. Atorvastatin treatment markedly decreased superoxide production in these, but not in control vessels.
In membrane fractions from STZ, NADPH oxidase activity was markedly higher compared to controls (see Table 1 ). Atorvastatin treatment reduced the chemiluminescence signal in STZ/ Ator while having no effect on the NADPH oxidase activity of control vessels. The chemiluminescence signal in response to NADPH was completely blocked by adding diphenyliodonium (DPI, 150 μM, data not shown) and decreased to the level of control by adding low dose DPI (15 μM, data not shown). Importantly, NADH was not able to stimulate the superoxide signal in STZ (5.4±0.25) since vascular Nox-isoforms prefer NADPH as the cofactor. We use NADH to exclude lucigenin-dependent redox cycling, which is most pronounced in the presence of NADH.
To further characterize the topographic localisation of O 2
•-, we prepared cryosections of isolated aortic segments and stained them with the superoxide sensitive flourescent dye, dihydroethidium (DHE) to obtain fluorescent photomicrographs (see Fig. 2A ). STZ treatment increased O 2
•-formation throughout the vessel wall, in the endothelial cell layer, media and adventitia. Atorvastatin treatment strikingly reduced vascular superoxide. In controls, the NOS inhibitor N G -nitro-L-arginine (L-NNA) increased superoxide staining in the endothelial cell layer due to the quenching of baseline NO. In contrast, the increased staining for O 2
•-in the endothelial cell layer was blocked by L-NNA in STZ, compatible with an uncoupled eNOS as a significant source of superoxide in diabetes mellitus.
The ratio of membranous versus cytosolic localisation of rac1, p47 phox and p67 phox in homogenates of aortic tissue was significantly increased in STZ as compared to controls and was normalized by atorvastatin treatment (see Fig. 3 ). The expression of the NADPH oxidase subunits nox1, nox2 and p67 phox in heart membrane fractions of STZ was increased in STZ as compared to controls and normalized by atorvastatin treatment (see supplement Fig. i) .
In an additional experiment, we assessed nitrosative stress by analyzing the levels of PGI 2 S-3NT (see Fig. 2B ). We detected a marked increase of tyrosine nitration in STZ as compared to control, all of which was normalized by atorvastatin treatment.
Uncoupling of endothelial nitric oxide synthase: vascular BH 4 levels, vascular eNOS, GTPCH-I and DHFR expression
In aortas of STZ rats, BH 4 levels (fmol/μg) were markedly reduced as compared to controls. Treatment with atorvastatin normalized BH 4 levels. BH 2 levels showed a reverse pattern: they were significantly elevated in aortas from STZ rats as compared to controls and normalized by atorvastatin treatment (see Fig. 4D ).
We then determined aortic protein expression (%Ctr±S.E.M.) of eNOS, GTPCH-I and DHFR (Fig. 4A-C) . Expression of eNOS was significantly increased in vessels from control animals treated with atorvastatin and STZ as compared to controls. Increased eNOS expression in vessels from STZ animals was reduced to normal by atorvastatin treatment. The eNOS dimer:monomer ratio as assessed by non-reducing SDS-PAGE and Western blot was diminished in STZ and recovered atorvastatin treatment (supplement, Fig. ii and Table 1 ). In vessels from STZ-treated animals, GTPCH-I expression levels decreased compared to controls. Atorvastatin treatment of STZ animals normalized GTPCH-I expression. Atorvastatin treatment of control animals had no effect on aortic GTPCH-I expression. STZ treatment increased vascular DHFR expression as compared to controls. In these vessels, statin treatment decreased DHFR expression, while having no significant effect on the expression of DHFR in control vessels.
Discussion
The results of the present studies demonstrate that eNOS uncoupling in the setting of diabetes mellitus is mediated at least in part by a downregulation of the key enzyme for the synthesis of BH 4 , the GTPCH-I. Importantly, chronic treatment with the HMG-CoA reductase inhibitor atorvastatin normalizes vascular GTPCH-I expression and simultaneously causes an inhibition of vascular superoxide production via prevention of eNOS uncoupling, thereby leading to a normalization of vascular (endothelial and smooth muscle) function, although plasma LDL levels were not modified by atorvastatin therapy at all. These findings add further mechanistic insight into the importance of pleiotropic mechanisms of HMG-CoA reductase inhibitors leading to improved prognosis in patients with diabetes mellitus.
Vascular dysfunction, oxidative stress and diabetes mellitus
Increased oxidative stress is a hallmark of cardiovascular disease and is evident in the vasculature of hyperglycemic patients and animal models of diabetes mellitus already at early stages of the disease. Besides xanthine oxidase [9] and mitochondria [10] , the vascular NADPH oxidase [4] [5] [6] and an uncoupled eNOS [5, 7, 8] have been shown to represent the predominant sources of vascular and myocardial super-oxide production in diabetes mellitus. In the animal model of STZ diabetes, we were recently able to demonstrate that vascular dysfunction is associated with increased expression of the NADPH oxidase subunits nox1 and nox2 (gp91 phox )in vascular and myocardial tissue along with increased activity of this enzyme [5, 6] . Our group was also the first to provide evidence for an uncoupled eNOS in hyperglycemic vessels [5] . One of the most attractive concepts so far explaining eNOS uncoupling is an intracellular depletion of vascular BH 4 levels. This concept is supported by experiments showing that the administration of the BH 4 precursor sepiapterin or a BH 4 -repleting substance such as 5-methyltetrahydrofolate is able to reduce vascular superoxide production in cultured endothelial cells, in animal experiments but also in human tissue [33] associated with a restoration of NO production and endothelial function, respectively.
The results of the present studies further support this uncoupling concept as one of the reasons for vascular dysfunction and increased oxidative stress in the vessels of hyperglycemic animals. Vascular dysfunction in hyperglycemic rats was associated with increased superoxide production, and we could also show that the eNOS inhibitor L-NNA eliminated the DHE staining primarily in the endothelial cell layer (Fig. 2) . These observations were in accordance with previous reports on increased endothelial superoxide formation in diabetic vessels from humans [4] as well as murine and rat aorta [5, 34] , which were based on quantitative methods. Importantly, we also established a marked decrease in vascular BH 4 levels (Fig. 4) , increased eNOS expression (Fig. 4) and found evidence for a decreased dimer:monomer ratio (supplement, Fig. iv) , a condition which has also been demonstrated to be associated with or even causing the uncoupling phenomenon [35, 36] .
There is a continued discussion whether a biochemical destruction of BH 4 , e.g., due to an interaction with the NO/O 2
•-intermediate peroxynitrite and/or a diminished BH 4 synthesis, e.g., due to a downregulation of the BH 4 -synthesizing enzyme GTPCH-I or both contributes primarily to the phenomenon of eNOS uncoupling. With the present study we focussed on the vascular GTPCH-I expression and BH 4 levels since previous in vitro studies have demonstrated that hyperglycemic conditions lead to a downregulation of the GTPCH-I associated with increased endothelial superoxide production and that this condition could be corrected by endothelium targeted overexpression of GTPCH-I [34] . Indeed, in our hands 7 weeks of diabetes mellitus type 1 lead to a substantial downregulation of the expression of this BH 4 -synthesizing enzyme and to a substantial decrease in vascular BH 4 levels (Fig. 4) . Interestingly, the recovering enzyme dihydrofolate reductase (DHFR) was up-rather than downregulated in STZ diabetes (Fig. 4) , but was apparently unable to prevent a depletion of BH 4. This result is in line with previous observations showing that DHFR, representing part of the so-called "salvage pathway" of BH 4 , is not sufficient to counteract depletion of BH 4 [37, 38] . Bearing in mind that the BH 2 levels were increased along with decreased BH 4 , the compensatory activation of the salvage pathway points towards an oxidation of tetrahydrobiopterin in STZ, most likely due to increased vascular NADPH oxidase activity as evidenced by our results (Figs. 2 and 3) and by recent studies in the literature [35] .
Increased oxidative stress mediated by increased NADPH oxidase activity and eNOS uncoupling lead to the phenomenon of "nitrate resistance" in vessels from STZ rats (Fig. 1) , to a decreased ACh-stimulated activation of the cGMP-dependent kinase (P-VASP) and to increased tyrosine nitration of the prostacyclin synthase-mediated by peroxynitrite [39, 40] . We also established a substantial decrease in the levels of circulating EPCs, all of which may have also contributed to vascular dysfunction in the setting of diabetes mellitus [41] . Interestingly, in a recent paper Thum and coworkers showed eNOS uncoupling in EPCs as a feature of EPC malfunction in diabetes [42] .
Effects of statin therapy on vascular function and eNOS uncoupling in hyperglycemic animals
It is known that statin therapy has a profound impact on vascular function, but also on prognosis in patients with diabetes mellitus. Mechanisms responsible for these beneficial effects include reductions in LDL levels but also pleiotropic effects which include stimulatory effects on eNOS expression and NO production [14, 15, 43, 44] , but also simultaneously inhibitory effects on vascular superoxide production, e.g., by an inhibition of the activity and expression of the vascular NADPH oxidase [12] .
Indeed, when treating hyperglycemic animals with the HMG-CoA reductase inhibitor atorvastatin we found a quite remarkable effect of statin treatment on vascular dysfunction, nitrate resistance, P-VASP levels, PGI 2 S nitration and circulating EPCs levels. These findings were associated with a substantial statin-induced reduction in oxidative stress due to an inhibition of NADPH oxidase expression and activity, and due to a reversal of eNOS uncoupling. It should be noted that statins increase the adhesion of EPCs, which may contribute to the detection of an increased number of EPCs under statin therapy [23, 45] .
By which mechanism does atorvastatin prevent eNOS uncoupling?
Recently Ding et al. investigated the effects of high glucose on NO and superoxide formation on the expression of GTPCH-I and the endothelial NADPH oxidase [19] . High glucose concentrations increased superoxide, decreased BH 4 levels and markedly decreased GTPCH-I expression and activity, all of which was corrected by pretreatment of these cells with atorvastatin. The results of the present studies go along with this observation. Atorvastatin treatment of hyperglycemic rats in a concentration of 20 mg/kg for a 7-week period resulted in a restoration of vascular BH 4 levels and a normalization of the expression of GTPCH-I. Accordingly, eNOS uncoupling as assessed by the DHE method was prevented (Fig. 2) . Further evidence for a prevention for eNOS uncoupling was provided by an increase in the eNOS dimer:monomer ratio (see supplement, Fig. iv) .
The mechanisms underlying the prevention of a downregulation of GTPCH-I by statin therapy has been addressed recently by Hattori et al. [20] . With their studies with cultured vascular endothelial cells, the authors found that statins elevate GTPCH-I at the transcriptional level [20] .
Another mechanism how statins may prevent eNOS uncoupling is the reduction in oxidative stress due to an inhibition of NADPH oxidase expression and activity. More recently, we have proposed that increased NADPH oxidasemediated superoxide production may lead to increased formation of the NO-superoxide reaction product peroxynitrite, which may cause BH 4 oxidation and subsequently lead to increased formation of the so called BH 3 radical. Thus NADPH oxidase-mediated superoxide may act as a kindling radical favoring eNOS uncoupling via stimulating increased formation of vascular ONOO - [5] , a concept that has recently been strengthened by Xu and coworkers [35] . Indeed, we were able to demonstrate that atorvastatin is able to decrease vascular levels of tyrosine nitrated PGI 2 S, which can be used as a marker for decreased vascular ONOO -formation. In addition, reduction of PGI 2 S-3NT may also improve vascular function by increasing the formation of PGI 2 2.
Statin therapy has been reported to cause an increase in the expression of eNOS in endothelial cells but also in the endothelial cell layer of in vivo-treated animals. The results of the present studies go along with this concept, because statin therapy increased eNOS expression in vessels from non-hyperglycemic animals by about 100% (Fig. 4) . As described before, the condition of vascular (endothelial) dysfunction in diabetes is associated with a paradoxical increase rather than decrease of a functionally uncoupled eNOS. The increase in eNOS expression has been attributed to the increased formation of the superoxide dismutation product hydrogen peroxide (H 2 O 2 ), which increases eNOS expression at the transcriptional and also translational level [16] [17] [18] . In our study, treatment of STZ rats with atorvastatin led to a reduction in eNOS expression, which might be explained by the reduction in oxidative stress and the subsequently decreased formation of the eNOS expression stimulus H 2 O 2 .
Another interesting observation was that treatment of hyperglycemic animals with atorvastatin was able to correct the decreased number of circulating EPCs. This is in line with previous observations [42, [45] [46] [47] [48] and may also reflect one mechanism by which statin therapy improves vascular dysfunction in the setting of diabetes, especially when bearing in mind, that eNOS uncoupling seems to be an important source of superoxide in EPCs, too [42] .
It is important to note that these positive effects on vascular function by statins have been achieved, although the plasma LDL levels were not modified, suggesting that pleiotropic effects as mentioned above rather than effects secondary to lipid lowering cause these beneficial phenomena. Recent data suggest that diabetes triggers proteasome-dependent degradation of GTPCH-I [49] and statins may interfere with this break-down.
Conclusion and clinical implications
The results of the present studies demonstrate for the first time that in an in vivo model of diabetes, vascular dysfunction is associated with an uncoupled eNOS in the presence of a marked reduction of the BH 4 -synthesizing enzyme GTPCH-I. Statin treatment improved vascular function, reduced oxidative stress, prevented upregulation of the NADPH oxidase and eNOS uncoupling and normalized vascular BH 4 levels and the expression of GTPCH-I (Fig.  5 ). Since at the same time plasma LDL levels were not modified at all, we conclude that predominantly pleiotropic effects of atorvastatin account for the improvement of vascular function and may indicate that in the setting of diabetes mellitus, statin therapy should be prescribed irrespective of the plasma LDL levels. Future clinical studies, however, have to be performed to test whether this concept may be translated into the clinical situation.
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Refer to Web version on PubMed Central for supplementary material. Dihydroethidium staining reveals involvement of eNOS uncoupling and prostacyclin synthase nitration the formation of peroxynitrite. (A) Fluorescent photomicrographs of aortic segments of vessels from control animals, streptozotocin-treated animals with and without atorvastatin treatment with (right panel) or without (left panel) preincubation with the eNOS inhibitor N G -nitro-L-arginine (L-NNA, 10 μM). L-NNA increases the DHE staining within endothelial cells in vessels from control rats while decreasing it in vessels from STZ animals, compatible with eNOS uncoupling. Incubation of vessels from STZ animals treated with atorvastatin with L-NNA increased rather than decreased the superoxide signal, indicating that statin treatment prevented eNOS uncoupling. Autofluorescence of the laminae yields a green signal; red fluorescence reflects superoxide. Arrows indicate the endoluminal side (endothelium, E) of the cryosection. Representative photomicrographs of 6 to 8 independent experiments are shown. (B) The burden of peroxynitrite was assessed by measuring protein tyrosine nitration. Therefore, aortic homogenates were immunoprecipitated against prostacyclin synthase (PGI 2 S) and immunoblotted with an antibody specific for nitrotyrosine adducts (3-NT). Original blots shown are representative for 6 to 8 independent experiments. Scheme depicting the proposed mechanisms underlying improvement of vascular dysfunction by HMG-CoA reductase inhibition in the setting of diabetes mellitus. Hyperglycemia induces an increase in NADPH oxidase activity and expression, most probably in a protein kinase Cdependent fashion, leading to an increase in superoxide (O 2
•-) formation. After dismutation to hydrogen peroxide (H 2 O 2 ), eNOS mRNA expression is enhanced. Intracellular tetrahydrobiopterin (BH 4 ) content is depleted, e.g., via oxidation of BH 4 to dihydrobiopterin (BH 2 ) and/or by downregulation of the key enzyme in the de novo synthesis of BH 4 , the GTP cyclohydrolase I (GTPCH-I) subsequently leading to eNOS uncoupling. This further increases the O 2
•-and ONOO -formation in a positive feedback fashion, thereby causing a depletion of circulating endothelial progenitor cells (EPCs), a reduction of bioactive nitric oxide (NO), tyrosine nitration of the prostacyclin synthase (PGI 2 S-3NT) and vascular dysfunction. HMGCoA reductase inhibition normalizes vascular dysfunction and reduces oxidative stress by upregulating GTPCH-I expression and by inhibiting activation of the vascular NADPH oxidase. 
